Determination of Gamma-Ray Dose Quantities
Gamma-ray spectrometry in the environment is suitable for achieving three goals related to the determination ofkerma rates due to gamma emitters: First, as described in Sections 3 and 4, for the case of relatively simple source geometries, air concentrations of radionuclides and activities on, or in, the ground may be determined. Using conversion factors (Section 5.1) from activity concentrations to kerma rates in air or organ or effective dose rates (ICRP, 1991) , contributions of individual radionuclides may be determined and predictions of future development may be obtained. A comparison with an appropriate measurement of the kerma rate in air (e.g., by a pressurized ionization chamber or an application of the "spectrum dose conversion function" (Section 5.2.3) to the measured spectrum) may be used as a sum check for the radio nuclide-specific results.
Second, in more complex geometries such as urban environments, the activity per unit area may be obtained by applying finite source corrections to the measured spectra or by measuring with shielded detectors. From these data, kerma rates at different indoor and outdoor locations can be calculated by using results of Monte Carlo calculations on kerma rates due to single surface sources in urban environments (Meckbach et al., 1988) .
Third, as described in Section 5.2, for the case of more complex geometries, the spectral distribution of the photon fluence in air can be obtained by an unfolding procedure applied to the measured spectra. This allows a more precise determination of effective dose since it is then possible to apply energy dependent conversion factors for appropriate angular characteristics ofthe radiation field (ICRU, 1988; Zankl et al., 1991) .
Radionuclide-Specific Calculations
Several methods have been used to calculate the kerma rate in air due to radioactive sources in the ground. It has been shown that the point-kernel buildup factor method is not appropriate for ground sources with energies below 200 keY (Jacob and Paretzke, 1986) and caution is recommended in its use.
Kerma rates in air due to radioactive sources in the ground depend on several factors. The distribution of the activity in the ground influences the radiation field considerably. Results on some simple geometries have been published such as for point sources (Jacob and Paretzke, 1986) , sources that are homogeneous in planes parallel to the ground surface, especially plane sources below a given mass per area (Jacob and Paretzke, 1986; Kocher and Sjoreen, 1985) , exponentially distributed sources (Beck, 1980; Beck and de Planque, 1968) , slab sources in the soil at the airground interface (Kocher and Sjoreen, 1985) and sources with constant specific activity (Beck and de Planque, 1968; Becketal., 1972; Koblinger and Nagy, 1985) . For medium and high source energies, variations of the soil density and of the soil composition have a small effect on the kerma rate (less than or equal to five percent), if the distribution is parameterized by mass per unit area or specific activity and not by depth in soil or activity concentration (Beck et al., 1972) . In any case, the density corresponds to in situ soil and not to dry sieved soil which is usually measured in the laboratory.
In in situ gamma-ray spectrometry, an exponential distribution of the activity in the soil is generally assumed (see Equation 3.4). On the other hand, it is known that, a few years after deposition, the cesium distribution in the soil can deviate considerably from an exponential shape (e.g., Zombori et al., 1992) : Maximal activities per unit area can be found at a depth of a few centimeters and no longer in the uppermost soil layer. The question therefore arises as to when the approximation of an exponential distribution is justified for a derivation of kerma rates in air from measured fluences of primary photons. Figure  5 .1 shows some results relating the attenuation of the primary photon radiation to the attenuation of the kerma rate in air for plane sources in the soil and for exponential depth distributions. Although these distributions are very different, the attenuation of the kerma rate agrees within 10 percent for the two models for given attenuations of the primary photon radiation in the range of 0.2 to 1.0 and within 20 percent down to an attenuation of 0.1. The figure also shows that depth distributions measured a few years after the deposition deviate much less from exponential distributions than plane sources do (Jacob et al., 1994a) . It can therefore be concluded that, for attenuations of the primary photon radiation in the range of 0.1 to 1.0, the attenuation of the kerma rate in air can be derived in good approximation with the model of an exponential distribution. According to Table 3 .3, this condition is well-fulfilled at the sites under consideration for the first decade after deposition.
The above calculations for kerma rates in air due to exponentially distributed radio nuclides either did not include low photon energies (Beck, 1980) or were performed with the buildup factor method (Kocher and Sjoreen, 1985) , which has been shown to be inadequate for low source energies (Jacob and Paretzke, 1986) . More recently, the kerma rate in air at 1 m above the ground has been calculated by a Monte Carlo simulation of the gamma-ray transport in the air-over-ground geometry for sources in soil (Saito and Jacob, 1994) . In a first step, monoenergetic sources on and in the ground were treated and results are given in Table 5 .1. As discussed in Section 3.1, the cross sections are relatively independent of the soil composition for photon energies above 100 keV. For lower source energies, the results in Table 5 .1 can be biased due to differences between the attenuation coefficients of the soil under consideration and those given in Table 3 .1.
By interpolating the data in Table 5 .1 and using nuclear decay data (NEA, 1994) , conversion factors for kerma rates in air per soil activity per unit area have been obtained. Results for artificial radionuclides, relevant for environmental contaminations, are given in Appendix B.
As already discussed in Section 3, in standard in situ gamma-ray spectrometry, the largest source of uncertainty is due to a lack of knowledge on the depth distribution of the radionuclides in soil. As shown in Table AI , for the 662 keV line of l37Cs and an exponential distribution with a relaxation mass per area, [3, of 10 g cm-2 , an uncertainty range of a factor of four around this value (a range from 5 to 20 g cm -2) corresponds to an uncertainty range of a factor of 2.5 in the ratio 'PI Aa. Therefore, the activity per unit area, A a , is determined with an uncertainty of a factor of 2.5 f~om the measured photon fluence. The kerma rate, K, i.s determined from the photon fluence by the factor KI'P (ratio of values in Table B .1 for 137CS and in Table Al for 662 keV). This factor varies for the given uncertainty of [3 only by 20 percent, since the decrease of the primary photon fluence is compensated by the increase of scattered radiation. It may be concluded that a lack of knowledge of the radionuclide distribution in the soil does not significantly influence the results of the nuclide specific kerma rate which is derived from the measured gamma spectrum.
As discussed in Section 3.2, measurements of the primary photon fluence in air in a structured terrain with one dominating kind of source may be used to derive the activity per unit area (or per unit mass) by applying a geometry factor that takes the finite size of the source into account. Analogous geometry factors for deriving the nuclide specific kerma rates may be obtained by using results calculated for finite disc sources at different depths in the ground (Jacob and Paretzke, 1986) .
For natural radionuclides, a homogeneous distribution of the activity in the soil (see Section 3.2) is assumed. Results for the kerma rate in air due to natural radio nuclides in soil are given in Table 5 .2.
For homogeneous distributions of radio nuclides in the air, the kerma rate at a height of 1 m above ground has been calculated by the Monte Carlo method (Jacob et al., 1990b; Saito et al., 1990) . Since, in general, the activity concentration (activity per unit air volume) and not the specific activity (activity per unit mass of air) is known, conversion factors in Table 5 .3 have been given as kerma rates per source photon per unit air volume. For a number ofradionuclides, the kerma rate per activity concentration is given in Appendix B (Table B .2). If the specific activity in air is known, results in Table 5 .2 can be used as a good approximation by dividing the conversion factors by the air density assumed in the calculation (p = 1.2· 10-3 g cm-3 ). For more complex source geometries, e.g., Gaussian plumes, conversion factors have been given in the literature (Lahti et al., 1981; 1982) .
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The ICRP defined in the 1990 recommendations the effective dose (lCRP, 1991) . The calculations of effective dose equivalents due to external gamma irradiation from radio nuclides in the environment have been shown to be similar to the effective dose (Zankl et al., 1991) . Indeed, for these geometries, the effective dose is smaller than the effective dose equivalent and the difference is smaller than 10 percent for all source energies in the 0.07 to 10 MeV range.
Measurement of Spectral Absorbed Dose Rate Distributions in Air
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The direct result of a measurement with a germanium detector is a pulse-height distribution which represents the spectral distribution of the energy deposition events in its active volume. As already discussed in Section 2.3, a substantial fraction of the recorded events corresponds to photons for which only a partial deposition of their incoming energy occurred, due to the escape of Compton-scattered photons and of secondary radiation out of the active volume of the detector, as well as to radiation scattered from its non-active parts (housing and cryostat). Consequently, there is a superposition of counts coming from full energy deposition of radiation scat- in the ground a Kerma rate per unit activity per unit mass I'Gy h-1 per Bq g-l 4.33 . 10-5 5.14· 10-5 9.47 . 10-4 3.00.10-3 4.49· 10-4 6.90· 10-5 1.25 . 10-3 8.78.10-5 5.46· 10-2 4.01 . 10-1 1.15 . 10-4 2.07.10-4 4.62.10-1 4.78· 10-5 5.45 . 10-5 2.21 . 10-1 3.44· 10-4 2.14.10-3 1.73· 10-4 2.77· 10-2 2.72 . 10-2 3.26.10-1 6.04· 10-1 4.17 . 10-2 a For radioactive equilibrium, of each of the radio nuclides.
tered in the environment with counts corresponding to partial energy deposition events. Furthermore, the peak response of the detector as defined in Section 2.2, depend on the energy of the incident photons. 1.20· 10-2 300
1.87· 10-2 500 3.21 . 10-2 700 4.56.10-2 1,000 6.58.10-2 1,500 9.80· 10-2 2,000 1.32· 10-1 3,000 1.96· 10-1 6,000 3.85.10-1 10,000 6.26.10-1 These effects, then, have to be taken into account in order to obtain the incident photon fluence rate spectrum. This is done by applying an unfolding procedure to the measured pulse-height distribution in which the partial energy deposition events are subtracted and then a conversion to fluence is made using the peak reponse. Such an unfolding procedure requires an accurate and detailed knowledge of the response functions of the detector to monoenergetic photons of energies in the range of the spectrum.
Determination of Detector Response Functions
Detector response functions (see Section 2.3.1) for selected energies can be obtained by using monoenergetic gamma-ray sources, and eventually, also from sources emitting two gamma rays of different energies using fast coincidence techniques, as discussed by Radford et al. (1987) , who also give a list of appropriate sources. However, these measurements can only be made for a limited number of energies so that a procedure for interpolating between and extrapolating from the measured response functions is needed in order to obtain the full set of response functions necessary for the unfolding. Elaborate interpolation methods for response functions of N aIdetectors were developed by Heath et al. (1967) and Berger and Seltzer (1972) . A method by which different components, like Compton edge, continuum below the Compton edge, backscatter peak and escape peaks, are interpolated separately has been reported by Radford et al. (1987) .
One problem in the experimental determination of the detector response functions is the presence of contributions to the response coming from photons that have scattered in the material of the source and its encapsulation, as well as in the surroundings (floor, walls, etc.) of the place of measurement. These contributions can be significant, particularly in the region of the backscatter peak, and must be carefully separated in order to obtain the correct response functions. Miller (1984) proposed a method in which a shield sufficient to stop essentially all primary radiation is interposed between the source and the detector. The spectrum measured in this configuration can then be subtracted from the original spectrum, cancelling a substantial fraction of the radiation scattered in the surroundings. Although no conclusive evidence for the effectiveness ofthis method has been presented, it is believed that not accounting for the shielded backscattered radiation and for photons scattered in the shield has only a small effect.
Alternatively, the response functions can be calculated by Monte Carlo simulation of the particle transport in the detector. The calculations can be made for as many photon energies as necessary, so that there is no need to determine response functions by interpolation. Response functions for NaI-detectors have been calculated by Berger and Seltzer (1972) and by Saito and Moriuchi (1981) , who present a careful comparison of measured and calculated response functions. Grosswendt and Waibel (1975) calculated efficiencies for Ge(Li)-detectors for a range of energies up to 12 MeV and a detailed study on the response of NaI-and Ge(Li)-detectors has been published by Rogers (1982) . As discussed in this paper, for Ge(Li)-detectors, the limited knowledge of the true shape of the sensitive volume due to dead layers leads to uncertainites in the calculated efficiencies unless the sensitive volume is determined by experimental means (e.g., Birattari and Salomone, 1980) . However, for high purity germanium detectors, dead layers are present only at the diffused N + contact (see Figure 2 .1), the thickness of which can be specified to some degree by the manufacturers. Therefore, particularly for n-type detectors, where this layer is in the hole in the inner part of the detector crystal, the detector response function can be calculated with a good degree of accuracy by Monte Carlo simulation of the photon transport. For the determination of the response functions by Monte Carlo calculation, it is essential to know the precise shape and dimensions of the detector crystal. Furthermore, the housing and cryostat of the detector should be included in the simulation. A comparison between the response calculated for the whole detector (including housing and cryostat) with that for the bare crystal shows that the scattering from the non-active parts of the detector can contribute up to nearly 30 percent of the counts at the energy region around the backscatter peak of the response function (Meckbach and Jacob, 1990) .
In Figure 5 .2, the peak responses calculated with the Monte Carlo transport code EGS4 (Nelson et al., 1985) for a high purity n-type germanium detector of 25 percent relative efficiency as compared with the peak responses determined experimentally (Meckbach et al., 1994a) , show very good agreement.
In general, the radiation will be incident on the detector from different directions. As discussed in Section 2.6, the peak response depends on the angle of incidence of the radiation on the detector. This can also be seen in Figure 5 .2, where calculated peak responses for a detector with a length to diameter ratio of 0.96 are shown for photons incident with angles of 45 and 90° relative to the axis of the detector. Furthermore, the partial energy deposition events of the response function depend on the incidence direction. The response function for 662 ke V photons incident with an angle of 45° is generally increased, for some energy regions by up to 20 percent, in comparison to the response of photons with incidence normal to the face of the detector (Meckbach and Jacob, 1990) . For detectors with a length-to-diameter ratio much different from unity (see Section 2.7), an even larger dependence of the response function on the angle of incidence of the radiation is to be expected.
This dependence of the response functions on the direction of the incoming radiation has to be taken into account when determining the set of response functions to be used for the unfolding. This can be done by using response functions determined for the angular distribution of the radiation at the point of measurement, when this distribution is approximately defined over the whole energy range. An alternative is to average over measurements with the detector oriented in different directions, e.g., six directions along orthogonal axes (Miller, 1984) and to use response functions determined for isotropic photon incidence.
Spectrum Unfolding
Procedures for spectrum unfolding are based on the relationship between the measured pulse height distribution, M v , and the distribution of the photon fiuence, o/E, in energy
where RlE) is the response function of the detector, as defined in Section 2.3.
Since pulse height distributions are only measurable at a set of discrete energy bins, Equation 5.1 can be replaced by a matrix equation n M j = L RijcPj i = 1, ... , n. The summation extends over the number of energy bins of the spectrum. Thej-th column of the response matrix (Rij) represents the response, distributed over n bins, to photons whose energy corresponds to the j-th bin of the spectrum. <Pj is the photon fluence in the j-th energy bin. From Equation 5.2 , the photon fluence can be determined by one of several unfolding methods:
• The spectrum can be approximated by an iterative method, as used by Minato and Kawano (1970) . • The spectrum can be determined by least-square methods with appropriate weighting. The FERDO unfolding codes (Rust et al., 1983) are based on these methods. • The spectrum can be calculated directly by matrix inversion: n <Pj = L (R-1\iMi. oscillations, and eventually negative components, of the derived spectrum. If the energy bins are defined in such a way that the full-energy peak of the response to monoenergetic radiation is totally contained within one bin, then the response matrix in Equation 5.2 is triangular, and its inversion is equivalent to the following simple unfolding ("stripping") procedure, which proceeds in two steps: First, beginning at the highest energy bin (which should contain only full-energy counts) one subtracts from the measured pulse height spectrum the background of the response function for the corresponding energy, normalized to equal full energy counts. In the next lower energy bin, there are now, ideally, only full energy counts left over, and the procedure is repeated, continuing to the lowest energy bin of the spectrum. Second, the subtracted spectrum is converted to photon fluence for each energy bin using the peak response of the response functions for the corresponding energies. (Meckbach et at., 1994a ) . It can be seen that the partial energy deposition events have been succesfully removed by the unfolding.
Only the emission lines of the 152Eu source are left over, with the exception of a small background at lower energies which corresponds to radiation scattered in the source and its surroundings.
Applications
Several authors have used spectrum unfolding methods to obtain photon fluence spectra and to determine absorbed dose rates in air from environmental radiation. Minato and Kawano (1970) (1985) compared spectra measured with a NaI-detector with spectra calculated by Monte Carlo simulations. Although the response functions used by some of these authors were not determined with a high level of accuracy, a reasonable agreement was found between measured and calculated spectral distributions above 100 keY. Moreover, for the total dose rates calculated from these spectra, a good agreement was obtained with the results of measurements with ionization chambers and scintillation counters, after correcting for the contribution of cosmic rays.
An example of a kerma rate spectrum determined from a measured spectral photon fluence rate is shown in Figure 5 .4. The measurement was made with a high-purity germanium detector on a lawn in Munich five weeks after the reactor accident in Chernobyl. The stripping method was applied for unfolding, using response functions calculated by Monte Carlo simulation. Also shown in this Figure is the derived normalized cumulative dose rate distribution.
In a shielding experiment, the method of measur- PHOTON ENERGYj E/keV Fig. 5.5 . Absolute comparison between the spectral photon fluence rates in a house exposed to a 60CO source obtained by measurement and unfolding (-) and by Monte Carlo see, simulation (points). Also shown is the photon fluence spectrum one would have obtained without the subtraction of partial energy deposition events. ing spectral fluence rates was validated by a Monte Carlo simulation of the photon transport in the geometry of the experiment. Photon fluence rate spectra of gamma radiation from an external 60CO source in a small house were measured with a germanium detector using the stripping unfolding method with calculated response functions (Meckbach et al., 1994b) . Results for one position in the house are shown in Figure 5 .5, where an absolute comparison is given between the unfolded measured photon rate spectrum and the one obtained by Monte Carlo calculation. As one can see, a rather good agreement in shape, as well as in magnitude, was obtained, even though the dependence of the unfolding on the angu-1ar distribution of the scattered radiation was not accounted for, leading to some degree of uncertainty in the determination of the measured photon fluence for the low energy part of the spectrum.
If one is only interested in obtaining integral quantities such as total fluence rates or total dose rates from a measured pulse height distribution, one can use the "spectrum dose conversion function" method, developed first for NaI detectors (Moriuchi and Miyanaga, 1966) and then adapted to germanium detectors (Terada et al., 1980) . The conversion function is represented as a polynomial, whose coefficients are determined by a least squares method using the response functions of the detector. The method is simpler than the unfolding method, and can be used to determine total dose in real time. Different methods using NaI and germanium detectors have been shown to agree within a few percent (Nagaoka, 1987) .
The foregoing discussion shows that spectrum unfolding methods can be succesfully applied to in situ gamma-ray spectrometry. Crucial for this success is the increased precision of the response functions of the detector. For n-type high purity germanium detectors with a well defined active volume, Monte Carlo simulations can be used to accurately calculate the response functions needed for the spectral unfolding procedure. On the other hand, experimental approaches work well enough for many applications.
